ABSTRACT Polymerase chain reaction (PCR) is often used to detect microorganisms, pathogens, or both, including the reproductive parasite Wolbachia pipientis (Rickettsiales: Anaplasmataceae), in mosquitoes. Natural populations of Culex pipiens L. (Diptera: Culicidae) mosquitoes are infected with one or more strains of W. pipientis, and crosses between mosquitoes harboring different Wolbachia strains provide one of the best-known examples of cytoplasmic incompatibililty (CI). When we used PCR to monitor Wolbachia in the Buckeye strain of Culex pipiens, and in a Wolbachia-cured sister colony obtained by tetracycline treatment, we noted false negative PCR reactions with DNA samples from infected mosquitoes; these results were inconsistent with direct microscopic observation of Wolbachia-like particles in gonads dissected from mosquitoes in the same population. Assays with diluted template often improved detection of positive samples, suggesting that DNA prepared from whole mosquitoes contained an inhibitor of the PCR reaction. We reconciled discrepancies between PCR and microscopy by systematic measurement of the PCR reaction in the presence of an internal standard. Mosquito decapitation before DNA extraction restored the reliability of the PCR reaction, allowing accurate determination of Wolbachia infection status in infected and tetracycline-cured mosquito populations, consistent with microscopic examination. Using PCR primers based on the Tr1 gene, we conÞrmed that the Wolbachia infection in the Buckeye strain of Culex pipiens belongs to the genotype designated wPip1. Finally, to explore more widely the distribution of PCR inhibitors, we demonstrated that DNA isolated from the cricket, Acheta domesticus (L.); the beetle, Tenebrio molitor L.; the honey bee, Apis mellifera L.; and the mosquito, Anopheles punctipennis Say also contained PCR inhibitors. These results underscore the importance of measuring the presence of inhibitors in PCR templates by using a known positive standard, and provide an approach that will facilitate use of PCR to monitor environmental samples of mosquitoes that harbor endosymbionts or pathogenic organisms.
Wolbachia are obligate intracellular bacteria that cause reproductive distortions such as cytoplasmic incompatibility (CI), parthenogenesis, feminization, and male-killing in the various arthropods they infect (Serbus et al. 2008 ). Wolbachia were Þrst described as pleomorphic, rickettsia-like organisms in Giemsastained smears from Culex pipiens L. gonads (Hertig 1936) . The association of Wolbachia with cytoplasmic incompatibility (Yen and Barr 1971) and its potential utility as a genetic drive mechanism to control mosquito populations (Sinkins 2004 ) have stimulated renewed interest in these bacteria for transgenic mosquito replacement, alteration of population size or age structure, and disruption of pathogen transmission by mosquito vectors. Wolbachia infections can be detected by crosses between mosquito strains, ßuores-cent and electron microscopy (OÕNeill et al. 1997) , and western blotting (Dobson et al. 1999) . The polymerase chain reaction (PCR) (OÕNeill et al. 1992 , Zhou et al. 1998 ) has been used for both qualitative and quantitative detection of Wolbachia, both in insects and in cell lines (OÕNeill et al. 1997) .
Although PCR provides a fast and simple method to detect Wolbachia, many considerations need to be addressed in the experimental design. For example, false negative reactions with arthropod materials are well-documented (Jeyaprakash and Hoy 2000) . With mosquitoes, DNA template has been prepared from different life stages of the insect, and samples range from pools of whole insects to dissected material from individual mosquitoes. Most studies are based on the assumption that recovery of template DNA from biological samples is quantitative, that PCR reactions are uniformly efÞcient with each DNA template, and that all reactions remain within the "linear" range of the PCR assay, wherein band intensity is directly correlated with template copy number. These considerations are particularly important in measuring results based on quantitative PCR. For example, in their description of a 20,000-fold range in Wolbachia density in a natural population of Drosophila innubila Spencer, Unckless et al. (2009) effectively controlled for variability of PCR ampliÞcation efÞciency by using serial dilutions.
Here we show that an inhibitor that produces falsenegative PCR reactions is found in the head of Culex pipiens mosquitoes. False-negatives can be eliminated by decapitating the mosquitoes before DNA extraction. This precaution substantially reduced PCR variability among individuals in an infected colony, and facilitated reliable discrimination between infected and antibiotic-cured individuals. In further studies, we found evidence for a PCR inhibitor in four of six additional insect species surveyed, including the mosquito Anopheles punctipennis Say. Detection of potential PCR inhibitors by using simple PCR-based assays incorporating known standards will provide a useful tool for monitoring the efÞcacy of Wolbachia-based strategies for control of vector populations, as well as for monitoring pathogen transmission and ecology of endosymbionts in native and transgenic mosquito populations. (Itah et al. 2004) . From these wild type mosquitoes, we derived a cured, Wolbachia-free "sister colony" over a period of 4 mo, essentially as described by Potaro and Barr (1975) . Brießy, we transferred 2-d egg rafts to distilled water containing tetracycline (12.5 g/ml) and larval food (Escherichia coli and Kordon [Hayward, CA] Þsh fry food), and reared larvae from 10 to 20 egg masses in 3 liters of distilled water in the continuous presence of antibiotic. Recovery of larvae from egg masses decreased during the course of tetracycline treatment. Adults were blood-fed, and their offspring were maintained for two generations (designated G1 and G2) in the absence of tetracycline. Larvae from the G2 adults were maintained for four successive generations in the presence of tetracycline, and subsequent generations of cured mosquitoes were reared in the absence of tetracycline. Loss of Wolbachia was monitored by PCR using DNA extracted from individual mosquitoes, and by microscopic observations. With the infected Buckeye strain, we never observed egg rafts that were negative for Wolbachia by PCR (N, Ϸ20 egg rafts), nor did we observe ovaries or testes that failed to contain bacteria-like particles (N, Ϸ100 individual dissections). DNA Extraction. DNA was extracted as described by Livak (1984) . Whole or decapitated mosquitoes were individually homogenized in 200 l of 120-mM Tris-HCl, pH 9, containing 0.5% SDS, 80-mM NaCl, 160-mM sucrose, and 60-mM EDTA. After 30 min at 65ЊC, potassium acetate (28 l of 8 M) was added, mixed by vortexing, and the sample was incubated on ice for 30 min. Samples were centrifuged for 10 min in a microcentrifuge at 13,000 rpm, and the resulting supernatant (180 l) was placed into a new 1.5-ml microcentrifuge tube and 360 l of 100% ethanol was added. The samples were then brießy vortexed and held overnight at Ϫ20ЊC. Nucleic acids were pelleted by centrifugation at 13,000 rpm for 10 min and the pellets were dried under vacuum, before resuspension in 10-mM Tris-HCl, pH 7.5, containing 0.4-M NaCl and 10-g boiled RNAseA (400 l) at 37ЊC for 1 h. Samples were extracted with an equal volume of phenol, and the aqueous phase (380 l) was transferred to a new microcentrifuge tube. The phenol phase was re-extracted with 400 l of 10-mM Tris-HCl, pH 7.5, containing 0.4-M NaCl, and the combined aqueous phases were precipitated with ethanol overnight at Ϫ20ЊC. DNA was recovered by centrifugation, washed in 70% ethanol, dried, and dissolved in 100-l double-distilled water by sonication in a cup-horn Misonix ultrasonic liquid processor (Qsonica LLC., Newton, CT) at 90 mA for 30-s intervals, over a total time of 7 min.
Materials and Methods

Mosquitoes
Polymerase Chain Reaction. Wolbachia primers were based on the genes of ribosomal proteins rpS12 (rpsL) and rpS7 (rpsG), which are encoded by adjacent genes in "str operon" as previously described (Fallon 2008) . The PCR reaction (20 l) contained 2.5-mM magnesium chloride, each of the four deoxyribonucleotide triphosphates at 0.20 mM; primers at 400 nM; Promega Go-Taq polymerase (2.5 U per reaction; Promega, Madison, WI); and 1Ð9 l of template DNA. The forward primer was 5Ј-GCACTAAGGTG-TATACTACAACTCC, and the reverse primer was 5Ј-GCCTTATTAGCTTCAGCCAT. PCR was carried out for 35 cycles with a denaturing step at 95ЊC for 1 min, annealing at 56ЊC for 1 min, followed by extension at 72ЊC for 1 min with a Þnal extension at 72ЊC for 3 min. The strain designation based on the Tr1 gene (Duron et al. 2005 ) was based on sequence obtained with PCR primers F4N: 5Ј-GCCAAGTGCGTG-TATAGTTGAC and R1N: 5Ј-ATGGAGCTGAAGG-TATAGAGG as described above, using an annealing temperature of 59ЊC. PCR products were electropho-resed on 2% agarose gels and photographed with UV light illumination. Images were "inverted" electronically to show dark bands on a white background. DNA sequencing was carried out at the University of Minnesota BioMedical Genomics Center.
Results
Derivation of Wolbachia-Free Cx. pipiens. Culex pipiens (Buckeye strain) were provided 10% sucrose and blood-fed on hamsters. Egg rafts were collected for isolation of a Wolbachia-free sister colony, using tetracycline treatment at 12.5 g/ml by using the modiÞed technique of Potaro and Barr (1975) . Egg hatch was poor during the Þrst Þve generations of selection, presumably reßecting cytoplasmic incompatibility within random sib-matings because of loss of Wolbachia at varying rates among individual larvae, negative effect of tetracycline treatment on larvae or their microbial diet, or both. After six generations, cured and infected lines exhibited similar larval growth rates, egg hatch, and developmental time. Crosses between males from the infected line and females from the cured line failed to produce offspring.
Variability of Wolbachia PCR Detection. Wolbachia infection status of individual mosquitoes yielded unpredictable results when template DNA from whole mosquitoes was ampliÞed by PCR using Wolbachia-speciÞc primers. In particular, by PCR, our wild type (infected) colony appeared to contain a mixed population of infected and uninfected males and females (Fig. 1, lanes 3Ð18 ). To measure whether inconsistent recovery of DNA caused this variability, we labeled wAlbB-infected Aa23 cells (Fallon 2008 ) with 3 H[thymidine], and monitored radioactivity throughout our DNA extraction. Consistent recovery of labeled DNA suggested that the variability in the PCR reactions was not caused by random loss of template. Likewise, to ensure that DNA was uniformly distributed in our samples, we sonicated each sample of puriÞed DNA as a Þnal step in our extraction. Occasionally, sonication would revert a false-negative to positive, suggesting that on occasion, the DNA pellet was not completely dissolved, but in most cases the sonication did not affect PCR results.
In some assays, PCR detection in both males and females consistently yielded 100% false-negative results and it appeared that our colony had completely lost the Wolbachia infection. In contrast, PCR results with DNA from egg rafts were always positive (Fig. 1,  lanes 21Ð23 ). Microscopic examination with the cellpermeant dye, Syto-13 indicated that ovaries from our wild type colony released a halo of bacteria-like particles under hypotonic staining conditions, and contained intracellular bacteria-like particles, while ovaries from the cured strain lacked these particles. These experiments, as well as our observation of typical CI in egg rafts resulting from matings between wild type males and antibiotic cured females, showed that our wild type colony was uniformly infected by Wolbachia, which was in conßict with the PCR results from whole mosquito templates.
Evidence for a PCR Inhibitor. To measure whether puriÞed mosquito DNA contained an inhibitor, we used a dilution series of DNA template in the PCR reaction. When the sample volume was reduced to 1 l, we recovered a strong PCR band (Fig. 2, lane 3) , and this template continued to give a positive PCR product with up to 10,000-fold further dilution (not shown). In contrast, using 2 l of the original template substantially reduced the intensity of the positive band (Fig. 2, lane 4) , and larger volumes of template DNA failed to produce a PCR product (Fig. 2, lanes  5Ð11 ). To further establish the presence of an inhibitor, we tested whether the puriÞed whole mosquito DNA inhibited the PCR reaction of a known positive control (Fig. 2, lanes 12Ð18 ). When mixed with increasing concentrations of whole mosquito DNA extract, the PCR band from positive control DNA progressively declined (Fig. 2, compare lanes 14 Ð18) .
In additional studies, we eliminated the possibility that the PCR inhibitor was an artifact of the Livak (1984) procedure, and noted that the inhibitor persisted when we prepared template with a Qiagen DNA kit (Qiagen, Valencia, CA; data not shown) developed for stool samples. We also checked whether the inhibitor was originating speciÞcally from Wolbachia, but mosquito DNA puriÞed from infected and unin- fected individuals caused comparable levels of inhibition. Interestingly, we noted that DNA pellets commonly had a pink tinge, and reasoned that this pigment might derive from the eyes. Decapitating mosquitoes before homogenization eliminated the inhibitor (Fig.  3 , lanes 4 Ð9) whereas DNA extracted from the entire mosquito required a ninefold dilution to yield a positive PCR band (Fig. 3 , compare lanes 10, 12, and 14 (1-l template) with lanes 11, 13, and 15 (9-l template). Before discovery of the PCR inhibitor, only 53 out of 197 Culex pipiens mosquitoes from our infected colony were shown to be infected with Wolbachia by PCR. After including decapitation in our DNA extraction protocol, 69 out of 69 Culex pipiens from the same infected colony tested positive for Wolbachia.
Other Insects. To test the prevalence of PCR inhibitors in other insects, we conducted PCR assays measuring inhibition in the separated head and body of miscellaneous insects, including the mosquito, An. punctipennis (Fig. 4) . We detected an inhibitor within the heads of A. mellifera (Fig. 4, lanes 21Ð23 ) and An. punctipennis (Fig. 4, lanes 29 Ð31) but not in the body of these insects (Fig. 4, lanes 24 Ð26; 32Ð34) . PCR inhibitor(s) were detected in both the head and body of A. domesticus, in which levels of inhibitor were particularly variable between individuals, and seemed to be somewhat higher in the body, relative to the head (Fig. 4, lanes 9 Ð14 ). With DNA from T. molitor, inhibitor was present in both heads and body (Fig. 4,  lanes 15Ð20 ), but we found no evidence for inhibitors in either head or body samples from M. autumnalis (Fig. 4, lanes 3Ð 8) and D. melanogaster (data not shown).
W. pipientis Strain Characterization. Based on DNA sequence analysis of the transposable element Tr1, Duron et al. (2005) identiÞed Þve Wolbachia strains, Fig. 3 . Preparation of template DNA from decapitated mosquitoes removes the inhibitor. Lanes 1, 2, and 3 show DNA ladder, positive control and negative control, respectively. Lanes 4Ð9 show PCR template DNA prepared from decapitated mosquitoes. For lanes 10Ð15, mosquitoes were homogenized intact. Even lanes used 1 l of template DNA; odd lanes had 9 l of template DNA. and showed that North American populations of Culex pipiens are singly infected with wPip1 (Florida) or wPip4 (California), or doubly infected with both wPip1 and wPip4 (Minnesota). We sequenced PCR products ampliÞed with primers F4N and R1N from three individual mosquitoes in both directions, and found complete identity with the wPip1 sequence (GenBank accession no. AJ646884) reported by Duron et al. (2005) . Thus, based on the Tr1 gene, the Buckeye strain that originated from Ohio has the same Wolbachia genotype as the Florida population described by Duron et al. (2005) .
Discussion
Although Laven (1967) pioneered use of Wolbachia-mediated CI to reduce vector populations Ͼ40 yr ago, symbiont-based strategies for mosquito population replacement are only recently enjoying renewed attention, due in part to advances in molecular technologies that allow relatively simple detection of Wolbachia and exploration of its effects in insect hosts. Of particular interest are recent reports that Wolbachia can be successfully transferred into mosquitoes that are uninfected in nature (Xi et al. 2005) , that Wolbachia can be used to suppress dengue transmission (Hoffmann et al. 2011) , and that Wolbachia inhibits development of the malaria parasite Plasmodium through stimulation of the mosquito immune system (Moreira et al. 2009 , Hughes et al. 2011 . Despite these remarkable advances, few investigators are investigating the Wolbachia infection in natural mosquito hosts, such as Cx. pipiens.
Cx. pipiens populations worldwide are infected with Wolbachia, and at least Þve Wolbachia strains can be distinguished by sequence analysis of the Tr1 gene, which encodes a transposable element (Duron et al. 2005) . Only two Wolbachia strains have been described in North American populations, and strain wPip1 in the recently-colonized Buckeye population of Cx. pipiens from Ohio is among these two. As we continued to monitor the Wolbachia infection in the wild type mosquitoes, relative to that in a cured sister colony derived by antibiotic treatment, we were puzzled by PCR results that suggested an unstable Wolbachia infection in the Buckeye mosquito population. Spontaneous loss of Wolbachia in Culex colonies has not to our knowledge been reported, and despite negative PCR results, our colony continued to exhibit microscopic evidence for infection. These considerations supported our suspicion that the PCR results were in error.
While surveying the presence of Wolbachia in diverse insects, Jeyaprakash et al. (2000) noted false negative PCR results, and suggested a modiÞcation called "long PCR," in which two different polymerases were used simultaneously. Noda et al. (2001) suspected an inhibitor while comparing Wolbachia titers in two planthopper species. In one, Laodelphax striatellus Fallen, Wobachia detection seemed to be consistent and accurate, but in the other, Sogatella furcifera (Horváth) these researchers had problems detecting Wolbachia in adult males and unsuccessfully tested for an inhibitor by running a dilution series. By measuring PCR band intensity with mosquito DNA template prepared from whole and decapitated mosquitoes and ampliÞed in the presence of an internal positive control, we showed that mosquito heads contain an inhibitor of the PCR reaction. Preparation of template DNA by using a commercially available kit failed to remove the inhibitor, whose molecular identity remains unknown. Inhibition of PCR reactions with DNA extracts from vector mosquitoes is a cause for concern because extracts from the head and thorax are often expected to be enriched for pathogens (Vezzani et al. 2011) , whose presence could be masked by the inhibitor.
We included the honey bee in our survey for PCR inhibitors, because most honey bee pathogens are diagnosed by PCR. For example, Chen et al. (2006) investigated transmission dynamics of deformed wing virus (DWV) by PCR assays on dissected tissues. Virus-positive samples were detected in every tissue, including feces, hemolymph, gut, ovaries, spermatheca, and eviscerated body, but not in the honey bee head. Similarly, Yue and Genersch (2005) detected DWV in the thorax and abdomen of symptomatic and asymptomatic bees, but never detected viral RNA in heads except in symptomatic bees where viral titers were extreme. Although these results suggested that DWV cannot replicate in head tissues, Zioni et al. (2011) recently showed that a recombinant form of DWV does replicate in the honey bee head, suggesting that in at least some studies, others have unknowingly encountered an inhibitor of the PCR reaction in honey bee heads. We note that in studies with Plasmodium, the presence of inhibitors from mosquitoes interfered with detection of low parasite numbers (Schriefer et al. 1991 , Arez et al. 2000 .
In the absence of appropriate positive controls for the PCR reaction, qualitative differences in the abundance of Wolbachia under different conditions can be difÞcult to measure, as PCR inhibition could, for example, mimic a low bacterial load. Echaubard et al. (2010) used quantitative PCR to investigate whether the Wolbachia load in a population of insecticide resistant Cx. pipiens mosquitoes changed, relative to measurements 36 generations earlier (Berticat et al. 2002 ). An apparent decrease in Wolbachia density in insecticide-resistant mosquitoes, both in the lab and in the Þeld, was attributed to attenuation of the Wolbachia infection in the insecticide resistant strains. Given the apparent variability of Wolbachia density with diverse factors such as host and Wolbachia genotype, environment, age, larval density, and other variables that may be difÞcult to control (Unckless et al. 2009) , results based on quantitative PCR could be strengthened by incorporating additional controls with internal standards, and showing that the quantitative results Ôadd upÕ as expected. Such an approach might lead to a better understanding of Wolbachia's effects on host physiology and Þtness.
